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ABSTRACT 



A reflective liquid crystal display device including a first 
substrate and a second substrate, a liquid crystal layer 
interposed between the first and second substrates, a polar- 
izing plate, and a reflection layer; wherein the polarizing 
plate and the reflection layer are located on opposite sides of 
the liquid crystal layer. A surface of the reflection layer 
reflecting light has projections, and an occupation of an area 
of portions where a tilt angle of a tangent line drawn against 
a profile of the surface with the projections is less than 2° in 
a total area of the surface is in a range of 20% to 60%, 

15 Claims, 43 Drawing Sheets 
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REFLECTIVE LIQUID CRYSTAL DISPLAY multicolor display is conducted by applying a voltage to a 

DEVICE AND REFLECTOR compensation layer of Double Layer Super Twisted Ncmalic 

(DSTN) to control compensation conditions has been pro- 

This is a continuation-in-part application of application posed (C Iijima et aL, JAPAN DISPLAY *89, p. 300). 

Ser. No. 08/281,004 now US. Pat No. 5,559,617 filed on 5 Other color display methods are those according to the 

Jul 27, 1994 interference color method and including a so-called ECB 

BACKGROUND OF THE INVENTION (electrically controlled birefringence) mode, a DAP 

i ir i j * *. t *: (deformation of vertical aligned phase) mode, and a HAN 

L Field of the Invention (hybrid-aligned nematic) mode. These modes use the bire- 

Hie present invention relates to a hquid crystal display ^ of a „ dd ^ molccul ^ A H ^ ^ 

^T' 5"*^ 10 *?1?T ^FT* displaydeviccofsichar^iss^ 

i^cS^ty^T SmtablC ^ MG are^vely^ 

o ^ ^ ti. t> 7' « » cell having a hquid crystal layer in which nematic liquid 

2. Description of the Related Art crystal molecules are aligned in a specified direction with 

Recently, applications of a Kquid crystal display device to w respect to a substrate. When a voltage is applied to the liquid 

a word processor, a note-type personal computer, a portable crystal layer, the initial orientation of the molecules is 

television receiver called a pocket TV, or the like, have changed to cause a change in anisotropy of retractive index, 

rapidly been increased. and therefore the color of light passing through the liquid 

In a liquid crystal display device, conventionally a TN crystal layer is changed to conduct a color display, 

(twisted nematic) mode, or an STN (super twisted nematic) ^ The display modes of TN, STN, ECB, DAP and HAN are 

mode has been used. When the former, or the TN mode is we U known techniques and their operation principles are 

employed; a Hquid crystal display element is disposed described in the "Handbook Of Liquid Crystal Device", the 

between one set of polarizers, and a monochromatic display 142nd committee of Japan Society for the Promotion of 

is conducted by using optical characteristics of the liquid Science, 1989, pp. 329-352. 

crystal display element, Le., the optical rotary characteristics „ when a color display is to be conducted in a liquid crystal 

appearing when no voltage is applied, and the polarization device of me TO mode or the STN mode, it is 

dissolution characteristics appearing when a voltage is required to use a color filter as described above. This causes 

apphed * a problem as follows. When color filters of three colors are 

In contrast, the latter, or the STN mode is a liquid crystal used, for example, at least % of light of the visible region is 

display structure which is similar to the TN mode and widely 30 absorbed, about half being is absorbed by polarizers which 

used in a display device for a word processor. In the STN are disposed in the vicinity of the Kquid crystal panel, 

mode, the twist angle of a liquid crystal layer of the Hquid resulting in reduction of the total reflectance of the whole of 

crystal display is set between 180 to 270 deg. The STN mode the panel to 15% or less, thereby causing a problem that the 

is characterized in that the twist angle of the liquid crystal display is very dark. 

layer is increased by 90 deg. or more, and the angle of 35 m a color liquid crystal display device such as ECB, or 

po^ization axes of the polarizers are optimized, so that a DAP using the interference color, colors to be shown can be 

sudden change in molecular onentation due to a voltage changcd depending on an applied voltage. However, the 

apphcauon influences the change in birefringence of the range of ^ appHcd voltagc is vcry narrow so ^ cven a 

^mdcrystallayer, Aereby r^ smafl variatioa m ^ Kcd volta causcs ^ hue to ^ 

tensttcs having a sharp threshold. Accordingly, the STN 40 change4 Furthermore, the number of odors which can be 

mode is suitable for a simple matrix driving system. On the used in the display is limited. 

TJ™- m °t^ a An ECB mode using only one polarizing plate has been 

^ rf //Sf y ?™-^* f^ 1 ** reposed as a reflect Say rnSe^le of providing 

^^'^T^ ^ h ^ d ^" to gr^scale display as well as bright d^play. However, the 

ebmmate this drawbac^aHqmd cry s^ display element has 45 li^ crystal dispky^ce^ng one raring 

^T*^V^ "*? ^^Pensation * made by late ^ wiowTntrast Moreover, me^ective" 

stacking an Sm display ^ an optic* phase coin- ^ ^ ^po^g ^ ^ a 

pensahon plate, or a phase Atoence panel made of a ^^Tr^inown. That is, a 

r^lymer such as polycarbonate, fcereby attaining a mono- reflective ££ d using one pohai3 ^ ^ 

^TT^^^JT^ ^ 1^ ^ 50 wmchissulbielorac^ 

ment 01 mis structure is commercially available as a . , . _ . ' , #. . . , , 

so-called paper-white LCD. hq^aid crystal display, or a DAP mode hquid crystal display 

* . . . , . using the interference color, is not known. 

When a color display is to be done, microcolor filters of, 

for example, red, blue, and green are disposed for each pixel SUMMARY OF THE INVENTION 

of a hquid crystal display element of the TN mode which can 55 The reflective liquid crystal display device of the present 

conduct a moriochromaric display as described above, or invention includes a first substrate and a second substrate, a 

that of the STN mode in which color compensation is made, liquid crystal layer interposed between the first and second 

and a multicolor or full color display is conducted in substrates, a polarizing plate, and a reflection layer; wherein 

accordance with the additive color mixing by using the the polarizing plate and the reflection layer are located on 

optical switching characteristics. At present, a liquid crystal 60 opposite sides of the liquid crystal layer, and a surface of the 

display device which can conduct such a color display is reflection layer reflecting light has projections, and an occu- 

used as a display device for a portable apparatus such as a pation of an area of portions where a hit angle of a tangent 

so-called liquid crystal television receiver or a laptop com- line drawn against a profile of the surface with the projec- 

puter in which an active matrix driving system or a simple tions is less than 2° in a total area of the surface is in a range 

matrix driving system is employed. of 20% to 60%. 

As a coloring system for a liquid crystal display device of In one embodiment of the invention, the liquid crystal 

the STN mode, a multicolor display method in which a layer is driven in an ECB mode. 
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In another embodiment of the invention, a retardation light reflected from the light reflection layer, represented by: 
variation of the liquid crystal layer due to the projections is 

40 nm or less. \si 2 +&+& 

In still another embodiment of the invention, the differ- v= 35 

ence in the thickness of the liquid crystal layer due to the 5 

^rsSlnUrerdint of the invention, the light wh ™?°\ S 1; S, and ^ S3 are Stokes parameters rearing 

reflection layer is selected so mat a degree of polarizationV respectively to a total light intensity, an excess in intensity 

of light reflected from the light reflection layer, represented of horizontal linearly polarized light, an excess in intensity 

by ; of 45° linearly polarized light, and an excess in intensity of 

10 right-handed circularly polarized light, is at least 50% or 

V= — — — Thus, the invention described herein makes possible at 

least one of the advantages of (1) providing a reflective 
liquid crystal display device with an improved contrast using 

where S 0 , S 1( and S 3 are Stokes parameters referring 15 a single polari2mg plate> (2) providing a reflective liquid 

respectively to a total li^t intens^r, an excess in intensity ^ dcvicc ^ ^ pa per-white prop- 

of horizontal linearly polarized light, an excess m intensity M wdl as m contrast , ^ (3) providing a 

? ^I I T^- P0i f 1 f d ^iflf^V? m f en ^ <* reflector suitable forthe reflective liquid crystal display 

right-handed circularly polarized light, is at least 50% or devices M J * 7 

"Tstffl another emr*xument of the invention, the device * ™ ese ™* °*« ^ vanta ^ f.^T* invention will 

further includes electrodes attached to the first and second become apparent to those skilled inthe art upon reading and 

substrates for applying an electric field to the liquid crystal , understanding the following detailed description with refer- 

layer to control a retardation of the liquid crystal layer, ence to * e accompanying figures, 

wherein the first snbstrate positioned between the polarizer ^ DESCRIPTION OF THE DRAWINGS 
and the liquid crystal layer comprises an optical phase 

compensation means which includes a first region having a FIG. 1 is a section view of a liquid crystal display device 

first retardation and a second region having a second retar- of Example 1. 

dation different from the first retardation, whereby a color of piG. 2 is a plan view of an upper substrate of the liquid 

emitted light from each of the first and the second regions is crystal display device shown in FIG. 1. 

selected to be a specific one, in accordance with the retar- ' _ „. % . _ _ ^ . . . 

dations of the optical phase compensation means and the ™* * * ™ f are f^ n ^bstrateof thehquid 

retardation of tte Uquid crystal la^er. <hsplay show * * *- 

In stiU another emrxxlimeDt of the invention, each of a FIGS. 4A to 4F are section views illustrating the processes 

plurality of pixels, which is a smallest area of the device for of producing the upper substrate of the liquid crystal display 

conducting a color display, iTirfiirips a portion of one of the 35 device shown in FIG. 1. 

first and the second regions. FIGS. 5A to 5E are section views illustrating the pro- 

In still another embodiment of the invention, each of a cesses of producing a reflection plate of the liquid crystal 

plurality of pixels, which is a smallest area of the device for display device shown in FIG. 1. 

conducting a color display, includes each portion of the first mG 6isa diagram illustrating an optical configuration of 

and the second regions. 40 the U(mid display device. 

In still another embodhr*nt of the invention^ the optical showing the voltage-reflectance char- 
phase compensation means further compnses a third region ^^quid ^ ^yZncz of Example 1. 

having a third retardation, and each of the plurality of pixels ^ „ . t t . . * \ a * 

includes a portion of at least one of me first, the second and Ha . 8 OTP* A showu f <** voltage-reflectance char- 

the third regions. 45 actensUcs of a liquid crystal display device of Example 2. 

In still another embodiment of the invention, the optical FIG. 9 is a graph showing the wavelength dependence of 

phase compensation means includes at least two optical *h e reflected light intensity of the liquid crystal display 

phase compensation members, at least one of the optical device of Example 2 in which green and magenta are 

phase compensation members overlapping another of the displayed. 

optical compensation members so as to form the first and the 50 FIG. 10 is a chromaticity diagram of the liquid crystal 

second regions. display device of Example 2 in which green and magenta are 

In still another embodiment of the invention, the retarda- displayed, 

tion of the liquid crystal layer is equal to or less than 1.0 Jim. FIG. 11 is a section view of a liquid crystal display device 

In still another embodiment of the invention, the reflect- of Example 3. 

ing means functions as one of the electrodes for applying an 55 12 is a graph showing the wavelength dependence of 

electric field to the fiquid crystal layer. me reflected light intensity. 

According to the another aspect of the invention, a FIG. 13 is a graph showing the wavelength dependence of 

reflector for reflecting light is provided. The surface of the ^ rcflcctcd Hght intensity. 

reflector reflecting light has projections, and an occupation . . , • *u 1 . , , 

* V^Zz . I e t V, .. ^ FIG. 14 is a graph showing the wavelength dependence of 

of an area of portions where a tilt angle of a tangent line 60 . _ ^ , ..~!T. 6 & 

drawn against a profile of the surface with the projections is the icfie^d Ugfct mtensity. 

less than 2^matx>tal area of me surface ism FIG. 15 is a graph showing the wavelength dependence of 

to the reflected light intensity. 

moneemDodunentcf the mvention, tiie difference in the FIG. 16 is a plan view of a reflective active matrix 

height of the projections is 1 urn or less. 65 substrate of liquid crystal display device of Example 2. 

In another emfx>diment of the invention, the light reflec- FIG. 17 is a cross-sectional view taken along a line X — X 

tion layer is selected so that a degree of polarization V of of FIG. 16. 
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FIGS. 18A and 18B show the operation principle of a FIG. 40 is a graph showing the relationship between the 

reflective liquid crystal display device according to the effective retardation of a liquid crystal layer and the reflec- 

present invention. tance. 

FIGS. 19A to 19F are sectional views showing the steps FIG. 41 is a graph showing the relationship between the 

of fabricating a reflector in Example 5 according to the 5 effective retardation of a liquid crystal layer and the reflec- 

present invention. tance. 

FKj. 20 shows a method for measuring Stokes parameters FIG. 42 is a chromaticity diagram showing the 

of light reflected from a reflector. wavelength-dependence of reflected light from reflection 

FKj. 21 shows a system for measuring Stokes parameters. substrates with different heights. 

FIGS, 22A to 22D show the principles for measuring FIG. 43 is a graph showing the relationship between the 

Stokes parameters. height difference of the reflection substrate and the contrast 

FIG. 23 is a sectional view of a reflective liquid crystal FIG. 44 shows the relationship between the ratio (d/PJ of 

display device of Example 5 according to the present the cell gap d to the natural pitchP 0 of liquid crystal material 

invention. 15 and the sharpness a of the threshold characteristic. 

FIG. 24 shows a method for measuring the contrast of a ™r,™™™^ T ™ . 

reflective liquid crystal display device according to the DESCRIPTION OF THE PREFERRED 

present invention. EMBODIMENTS 

FIG. 25 shows the degree of polarization-contrast char- Hereinafter, the display principle of the liquid crystal 

acteristic of a reflective liquid crystal display device accords 20 display device of the invention will be described by ilms- 

ing to the present invention. trative examples. 

FIG. 26 is a flowchart showing a process of fabricating a For example, a homogeneous cell which uses a liquid 

reflective active matrix substrate of Example 6 according the crystal with an anisotropy of refractive index of An x and has 

present invention. a thickness of d l9 and an optical phase compensation mem- 

FIG. 27 is a sectional view of the reflective liquid crystal 25 ber (anisotropy of refractive index: An 2 , and thickness: d^) 

display device of Example 6 using the reflective active are disposed between two polarizers in such a manner that 

matrix substrate according to the present invention. the slower optic axis of a liquid crystal molecule is perpen- 

FK3S. 28A to 28H show the steps of fabricating another dicular to that of the optical phase compensation member. In 

reflector in Example 7 according to the present invention, airan Kement, when linearly polarized light which has 

FIG. 29 is a sectional view of a reflective liquid crystal 90 one of P 01 ^ P^es through the 

display device of Example 8 according to the present °P^P^ compensation > member and the liquid crystal 

invention. layer, the phase difference 8 is expressed as: 

FIG. 30 is a sectional view of a reflective liquid crystal S^^XAMi-AaA) <i) 

display device of Example 9 according to the present 35 , . . . . , , . k . . . ^ 

invention, where X indicates a wavelength, An^ the retardation of the 

T7M- i • c n liquid crystal layer, Aiud, me retarda^ 

I" " *f £ T*i A a J^ VC * T ^ . conmensationpkte^and An, merefractrve^ices of the 

display device of Example 10 according to the present laycrandmcp E* Cf ^ anda^ the thicknesses of thelayer 

invent1011 * and the plate. 

FIG. 32 is a sectional view of an ECB mode reflective 40 me ^ formcd by ^ (fircctor (thc of 

liquid crystal display device of Example 12 according to the the major axis) of a liquid crystal molecule and the polar- 
present invention. izarton axis of the polarizer is set to 45 deg., and the 
FIGS. 33A and 33B show a method for calculating the polarization axes of the two polarizers are perpendicular to 
occupation of flat portions of a reflection substrate, where each other, the transmitted light intensity n is expressed as: 
FIG. 33A schematically shows the surface configuration of 45 

the reflection substrate and FIG. 33B shows tilt angles a = tfsnftjSn.) (2) 

obtained from a surface profile of the reflection substrate. , _ 

FIG. 34A is a picture of a reflection surface of a reflection 

substrate taken with an optical microscope, and FIG. 34B is Rrom mc abovc ' lt wil1 te notcd that ^ when white mono- 

a histogram showing the measurement results of surface 50 chromanc ^fifr* is uscd » transmitted light intensity 

profiles of the reflection substrate. depends on the retardation and various hues which are 

FIG. 35A is a picture of a reflection surface of another ^™„™* n a T oltage » the tiquid crystal cell, 

reflection substrate taken with an optical microscope, and *f ■ "f?*"*, md ^ of m f 

FIG. 35B is a histogram showing the measurement results of changes together with the orientation of hquid crystal mol- 

surface profiles of the reflection substrate. ecules. ^ 

TTir- \n - v . . x , . ^. ^ In contrast, when the polarization axes of the two polar- 

J^J* "t^t* 0 "™**! relati^ bctwcenjhc ^ ^ to ^ ^ t^^d Ught J^ty 

occupation of flat portions and the contrast of a reflective j ^ eg™^^ afi . 

liquid crystal display device. 77 ™ 

FIGS. 37A to 37C schematically show various reflective ^ ^ Aho^(ba) (3) 

liquid crystal display devices. ' 

FIG. 38 is a graph showing the relationship between the = A ^°^{(^X^i -An*^}. 

effective retardation of a liquid crystal layer and the reflec- From Eqs. (2) and (3), it will be noted that a color shown 

tancc - in the crossed Nicols state and that shown in the parallel 

HG. 39 is a graph showing the relationship between the 65 Nicols state are complementary to each other, 

effective retardation of a liquid crystal layer and the reflec- When the polarizer at the back of the cell is replaced with 

tance. a reflection plate so as to constitute a reflective liquid crystal 
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cell, the reflected light intensity R is indicated as: dinal direction of the reflection layers 7. An alignment layer 

11 covers the glass substrate 3 on which the transparent 

r - A\{v&2fL? -(va&rz?y- (4) electrodes 10 are formed. As shown in FIG. 1, first and 

_ , _ A .^^ second optical phase compensation members 13 and 14 are 

*{(cosk( i^i bnTfhyky - 5 f orme( i on n ie surface of the glass substrate 3 which is 

(sinn(Aflirfi - Snxhykf} 1 . opposite the surface in contact with the liquid crystal layer 

In Eq. (4), it is assumedthat the reflection plate conducts 1T *^** A ff "^J^^T compensation 

perfecV reflection. The wavelength dependence of the membe ? ™ l * >? ^ of repons A and B 

Reflected light intensity R was obtained from Eq. (4) in the 5?™* r ^*™ m ^ 35 sho ™ m * 

cases wheXfor example, An A -AnA is 330mn, 360 nm, 10 e regions A and B are arranged in a regulariy repeating 

470 nm and 530 nraResults are S in FIGS. 12 to IS. » » £ f °^ ^ ^ ° f ° ad \ 

In these calculations, it was assumed that the value of ^P 0 ^ * <*?^J C the reflection layer 7. 

An.d^AnA does not depend on the wavelength. M m f^f^^ns of the stnpe-hte regions A and B 

^se*ofrom FIGS. Sol* red is shown ii the case of ™ eluded wittan one pixel. Areas indicated by taoten 

nm, and grein in the case of 530 nm. From this, it will be F ^™t^t\7 15 15 ° n * US C ° nflg " 

noted that, when a light source of white light is used, the mea upper SUDStrale 

reflected light intensity depends on the retardation based on Asealant 12 which will be described later is applied at the 

the same principle as that of a transmissive liquid crystal peripheral portions of the glass substrates 2 and 3 which 

display device. Therefore, various hues are display by a 20 oppose to each other as described above, thereby sealing the 

reflective liquid crystal display. When a voltage is applied, sP ace between the substrates. As the liquid crystal layer 17 

the retardation of the liquid crystal layer changes. sealed between the alignment layers 9 and 11, for example, 

Consequently, the color of reflected light can be controlled ZU4427 (trade name) produced by Merck & Co., Inc. is 

by a voltage. used. Hie thus configured liquid crystal display device of the 

When one display pixel is divided into two or three 25 example is subjected to a multiplex driving, 

regions having different phase differences of the above Eq. FIGS. 4A to 4F are section views illustrating a method of 

(1), by additively mixing interference colors based on the producing the upper substrate 16 shown in FIG. 1. 

display principles expressed by the above Eqs. (2) to (4), in the example, as shown in FIG. 4A, a glass substrate 

more kinds of colors can be displayed. ^ (trade name: 7059) which is produced by Coming Inc., and 

Hereinafter, examples of the invention will be described has a thickness t x of 1.1 mm, was used as the glass substrate 

specifically. 3. a photosensitive material (such as OFFR800 (trade name) 

produced by Tokyo Ohka Kogyo Co., Ltd.) is spin-coated 

EXAMPLE 1 onto the glass substrate 3 at 500 to 3,000 r.pjn., to form a 

FIG. 1 is a section view of a liquid crystal display device 35 rcsin ^yer 41 10 me cxaro P le > me process of spin-coating 

of Example 1, FIG. 2 is a plan view of an upper substrate, me Photosensitive material is conducted at 2,500 r.p.m. for 

and FIG. 3 is a plan view of a lower substrate of the liquid 30 sec - hereby forming the resin layer 41 of a thickness X* 

crystal display. The liquid crystal display device includes a of * foT example, 1.5 urn. 

pair substrates formed of the lower substrate 8 and the upper Next, the substrate on which the resin layer 41 is formed 

substrate 16 which are opposed to each other with a liquid 40 ts baked in an atmosphere of 90° C. for 30 min. Then, as 

crystal layer 17 therebetween. In the lower substrate 8, a shown in FIG. 4B, a photomask 42 in which a number of 

number of large projections 4 and small projections 5 made stripe-like patterns, corresponding to the size of pixels 

of a synthetic resin material described later are formed on a described later, are formed is placed above the resin layer 41 

glass substrate 2. As shown in FIG. 3, the diameters Dl and and an exposure process is conducted. Thereafter, develop- 

D2 of the bottoms of the large projections 4 and small 45 ment is conducted by using a developer consisting of, for 

prelections 5 are set to, for example, 10 urn and 5 urn, example, a 238% solution of NMD-3 (trade name) pro- 

respectively. Spaces D3 between these projections are set to, duced by Tokyo Ohka Kogyo Co., Ltd., to form a stripe-like 

for example, at least 2 um or more. A planarization layer resin layer (resist layer) 41' on the surface of the glass 

(polymer resin layer) 6 is formed so as to cover the projec- substrate 3 as shown in FIG. 4C The photomask 42 has 

tions 4 and 5 and fill recesses between the projections 4 and so transparent portions of a width a i and light shielding por- 

5. Reflection layers 7 made of a metal ynatpriai such as tions of a width a^ The transparent portions are used for 

aluminum, nickel chromium, silver, gold or the like are forming the regions A which are arranged as shown in FIG. 

formed on the planarization layer 6. The reflection layers 7 2, and the light shielding portions are used for farming the 

function also as reflection pixel electrodes. As shown in FIG. regions B. Preferably, the patterns of the photomask 42 may 

3, the reflection layers 7 are formed into parallel plural strips 55 be changed in accordance with the size of pixels, and are not 

which elongate in the lateral direction in FIG. 3. The limited to those described above. In the example, the widths 

projections 4 and 5, the planarization layer 6, and the a x and a 2 are set to 105 um, but are not limited to that value, 

reflection layers 7 which are formed on the glass substrate 2 Then, as shown in FIG. 4D, vapor deposition is obliquely 

constitute a reflection plate functioriing as the light reflection conducted onto the resin layer 41'. In the example, for 

member. An alignment layer 9 is formed on the reflection 60 example, tantalum oxide (Js^0 5 ) was deposited by an 

layers 7. oblique evaporation in accordance with the method 

The upper substrate 16 includes a glass substrate 3 which described in "Kogaku" vol. 19, p. 93 (1990) and under 

opposes the glass substrate 2. Plural transparent electrodes conditions listed in Table 1 below. Tantalum oxide Ta*^ 

10 which are made of IFO (indium tin oxide) or the like, are was deposited in the example. Alternatively, another oxide 

formed on the surface of the glass substrate 3 on the side of 65 such as tin oxide, cerium oxide, zirconium oxide, bismuth 

the liquid crystal layer 17 so as to be formed into plural strips oxide, titanium oxide, silicon oxide, or molybdenum oxide 

which elongate in a direction perpendicular to the longitu- may be used. 
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example, the same resin as the above-mentioned photos en- 

TABLE 1 sitive material is applied. Alternatively, a resin of another 

MffTyria l kind may be applied. The thickness t* of large smooth 

Evaporation Angle 70d£. projections which are formed by the large projections 23 on 

And 140 nm 5 the surface of the planarization layer 6 was 0.7 um, and the 

Thickness 2 m thickness t 5 of small smooth projections which are formed 

' by the small projections 24 was 0.5 um. 

Next, as shown in FIG. 4E, the resin layer 41* functioning Next > a ^ k ver of a metal such as aluminum, nickel, 

as a resist layer was peeled off to form the first optical phase chromium, silver or gold is formed on the planarization layer 

compensation member 13 into a stripe-like shape. In this 10 6 so as to have a thickness of, for example, about 0.01 to 

formation, a so-called lift-off method was employed. 10 um. In the example, aluminum is sputtered to form the 

Next, as shown in FIG. 4F, the second optical phase reflection layer 7. The reason why large and small projec- 

compensation member 14 consisting of a stretched film tions 23 and 24 are formed under the reflection layer 7 as 

made of polycarbonate and functioning as an optical phase described above is as follows: When the large and small 

compensation plate is disposed on the substrate. Then, the 15 Projections 23 and 24 are formed at random in a plane and 

polarizer 15 having a transmittance of, for example, 48% mc hc ignts of the projections 23 and 24 are changed, the 

which is measured when the polarizer is singly used is surface of the reflection layer 7 can be formed without any 

disposed on the substrate. In this way, the upper substrate 16 ** at portions. This structure prevents light reflected from the 

is produced. reflection layer 7 from causing an interference color, result- 

FIGS. 5A to SB are section views illustrating the pro- 20 i*g ^ that an excellent white display is obtained. The pattern 

cesses of producing the lower substrate 8 shown in FIG. 1. of me Photomask 22 is not limited to the above. 

In the example, as shown in FIG. 5A, a glass substrate The mus produced upper and lower substrates 16 and 8 

(trade name: 7059 produced by Corning Inc.) which has a 805 subjected to the following processes: First, alignment 

thickness ti of, for example, 1.1 mm and was used as the 25 layers 9 and 11 made of a polyimide resin layer are coated 

glass substrate 2. A photosensitive material (such as on me upper and lower substrates 16 and 8, respectively, and 

OFFR800 (trade name) produced by Tokyo Ohka Kogyo & Q substrates are then baked at 220° C for one hour. In fee 

Co., Ltd.) is spin-coated onto the glass substrate 2 at 500 to example, SUNEVER 150 (trade name) produced by Nissan 

3,000 r.p.m., to form a resin layer 21. In the example, the Kagaku Kogyo was used as the material for the polyimide 

process of spin-coating the photosensitive material is con- ^ resm layers. 

ducted at 2,500 r.p.m. for 30 sec., thereby forming the resin Next, a rubbing process was conducted to align liquid 

layer 21 of a thickness tj of, for example, 1.5 um. crystal molecules of the liquid crystal layer 17, thereby 

Next, the substrate on which the resin layer 21 is formed completing the formation of the alignment layers 9 and 11. 

is baked at a temperature of 90° C for 30 min. Then, as Thereafter, as the sealant 12 for sealing the space between 

shown in FIG. SB, a photomask 22 in which a number of 35 the glass substrates 2 and 3 is applied by screen-printing, for 

circular patterns of two kinds, large and small circular example, an adhesive sealant into which spacers of a diam- 

patterns described later are formed is placed and an exposure eter of about 6 \ini are dispersed, 

process is conducted. Thereafter, development is conducted When the thus formed lower and upper substrates 8 and 

by using a developer consisting of, for example, a 238% 16 are to be stuck to each other, spacers of a diameter of 5.5 

solution of NMD-3 (trade name) produced by Tokyo Ohka 40 umare sprayed on the glass substrate 2 so as to regulate the 

Kogyo Co., Ltd. to form large and small projections 23 and thickness of the liquid crystal layer. Then, the lower and 

24 having different heights on the surface of the glass upper substrates 8 and 16 are opposed to each other and 

substrate 2. The large and small projections 23 and 24 attached to each other by the sealant 12. The liquid crystal 

having different heights can be realized by controlling the is injected into the space between the lower and upper 

exposure time and the developing time. The photomask 22 45 substrates 8 and 16 under vacuum and sealed to obtain the 

has a configuration in which circular light shielding portions liquid crystal layer 17. In the example, a nematic liquid 

are formed at random so as to obtain the arrangement of crystal (for example, ZLI4427 (trade name) produced by 

large and small projections 23 and 24 shown in FIG. 3. The Merck & Co., Inc.) which is twisted by 240 deg. between the 

diameter Dl of the light shielding portions for forming the glass substrates 2 and 3 was used as fee liquid crystal layer 

large projections 23 is selected as, far example, 10 um, the 50 17. 

diameter D2 of fee light shielding portions for forming the FIG. 6 is a diagram showing the optical configurations of 

small projections 24 as, for example, 5 um, and spaces D3 the polarizer 15, the first and second optical phase compen- 

between the circles as at least 2 um or longer. sation members 13 and 14, and the liquid crystal layer 17 of 

Next, the glass substrate 2 on which fee large and small the thus produced liquid crystal display device. The aHgn- 

projections 23 and 24 are formed Is heated at 200° C for one 55 ment direction of liquid crystal molecules in the liquid 

hour so that the tops of the projections 23 and 24 are melted crystal layer 17 in fee side of fee upper substrate 16 is 

to some extent to be formed into an arcuate shape as shown indicated by Rl. The angle in a counterclockwise direction 

in FIG. 5D, thereby forming the large and small projections which fee direction PO of the absorption axis or transmis- 

23 and 24. sion axis of fee polarizer 15 forms with the alignment 

Then, as shown in FIG. 5E, a material which is the same 60 direction is indicated by p, feat in a counterclockwise 

as the above-mentioned photosensitive material is spin- direction which the direction LI of fee slower optic axis of 

coated onto the glass substrate 2 at 1,000 to 3,000 r.pjn. In the first optical phase compensation member 13 forms with 

the example, the spin coating is preferably conducted at the alignment direction is indicated by yl, and that in a 

2,000 T-pscL This causes the planarization layer (polymer counterclockwise direction which fee direction L2 of the 

resin layer) 6 to fill recesses formed between the projections 65 slower optic axis of the second optical phase compensation 

23 and 24 and be formed into a surface shape which is member 14 forms with the alignment direction is indicated 

curved in a relatively gentle and smooth manner. In the by y2. The twist angle between liquid crystal molecule Rl of 
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the upper substrate 16 and liquid crystal molecules R2 of the 
lower substrate 8 is indicated by <J> by setting the clockwise 
direction as positive. 

The upper substrate 16 was produced while setting the 
retardation of the first optical phase compensation member 
13 due to the oblique evaporation to 140 run, and that of the 
second optical phase compensation member 14 due to the 
optical phase compensation plate to 500 nm. These angles 
were set as follows: f*=-30°, yl=>-75 0 , and ^2=15°. As a 
result, different regions of And wherein And of the region A 
is 360 nm and And of the region B is 500 nm was produced. 
The angle 4> was set to 240 deg. 

FIG. 7 is a graph showing the voltage-reflectance char- 
acteristics of the liquid crystal display device of the 
example. As seen from the figure, according to the liquid 
crystal display device configured as described above, blue is 
satisfactorily shown in the region A, and yellow is satisfac- 
torily shown in the region B. According to experiments 
conducted by the inventors, a satisfactory four-color display 
of blue, yellow, white and black was attained without 
parallax. Moreover, it was confirmed that a satisfactory 
display is attained also in other combinations of two colors, 
Le., magenta and green, and cyan and red. In the other 
combinations, however, the retardations of the first and 
second optical phase compensation members 13 and 14, and 
the set angles p, yl, and y2 must be optimized Furthermore, 
it was confirmed that, when three kinds of regions having 
different retardations are formed and the regions are set so 
as to respectively show colors of RGB, a multicolor display 
can be attained. When the optical phase compensation 
members are modified so as to have various retardations, 
moreover, it is possible to show various colors. 

According to the experiments conducted on the liquid 
crystal display device of the example by the inventors, with 
respect to light entering at an angle inclined by 30° from the 
direction normal to the liquid crystal display device, the 
reflectance of white in the normal direction was about 45%. 
In the experiments, a standard white board of magnesium 
oxide (MgO) is used as a member which is the standard for 
measuring the reflectance. 

In the example, a cell having a twist angle of 240 deg. was 
used as the liquid crystal layer 17. The invention is not 
limited to mis, and a liquid crystal layer of any twist angle 
or of no-twist may be used in the invention as far as the 
retardation can be controlled by an electric field. 

In the example, as shown in FIG. 4, the upper substrate 16 
was subjected to the resist patterning and then to the oblique 
evaporation. Alternatively, the evaporation may first be 
conducted on the whole area of the substrate, and men the 
patterning may be conducted by an etching of a conventional 
photolithography process. Any other method such as that in 
which only the evaporation is conducted or only a layer is 
used may be used in the example as far as it can form regions 
having different retardations. 

EXAMPLE 2 

The liquid crystal display device of the example is an 
active matrix type display device. 

FIG. 16 is a plan view showing an example of a reflective 
active matrix substrate 120. FIG. 17 is a cross-sectional view 
taken along a line X — X of FIG. 16. The reflective active 
matrix substrate 120 is used instead of the lower substrate 8 
in Example 1. In the reflective active matrix substrate 120, 
a plurality of gate bus lines 122 (i.e., scanning lines) and a 
plurality of source bus lines 124 (i.e., signal lines) are 
provided on an insulating glass substrate 111 (Le,, a base 
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substrate) so as to cross each other. In a rectangular region 
formed by each gate bus line 122 and each source bus line 
124, a pixel electrode 119 having an optical reflection 
function is provided. At one corner of the rectangular region 

5 in which each pixel electrode 119 is formed, a gate electrode 
123 is branched out from each gate bus line 122, and at the 
tip end portion of each gate electrode 123, a thin film 
transistor (TFT) 121 is formed as a switching element The 
gate electrode 123 forms a part of the TFT 121. 

1Q Furthermore, at one comer of the rectangular region in 
which each pixel electrode 119 is formed, a source electrode 
125 is branched out from each source bus line 124. The tip 
end portion of the source electrode 125 overlaps the gate 
electrode 123 in an insulating state. The source electrode 
5 125 forms a part of the TFT 121. A drain electrode 126 of 
the TFT 121 is provided at a distance from the source 
electrode 125 and overlaps the gate electrode 123 in an 
insulated state. Each drain electrode 126 is electrically 
connected to each pixel electrode 119. 

20 As shown in FIG. 17, the TFT 121 is provided above the 
gate electrode 123 formed on the glass substrate 111. The 
gate electrode 123 is covered with a gate insulating layer 
111a which is formed over the enure surface of the glass 
substrate 111. On a part of the gate insulating layer Ilia, a 

25 semiconductor layer 127 is formed so as to cover a region 
above the gate electrode 123. A pair of contact layers 128 are 
formed covering both ends of the semiconductor layer 127. 
The source electrode 125 is formed so as to cover one of the 
pair of contact layers 128 and the drain electrode 126 is 

30 formed so as to cover the other one of the pair of contact 
layers 128. 

Below the pixel electrode 119 having the above- 
mentioned optical reflection function, projections 114a and 
1146 are alternately formed on the glass substrate 111. The 

35 height of the projections 114a is made larger than that of the 
projections 1146. A polymer resin layer 115 is formed so as 
to cover the projections 114a and 1146. The upper surface of 
the polymer resin layer 115 is in a wave shape because of the 
presence of the projections 114a and 1146. The polymer 

40 resin layer 115 is formed over almost the entire surface of 
the glass substrate 111 as well as below the pixel electrode 
119. The pixel electrode 119 is formed on the polymer resin 
layer 115 with a surface in a continuous wave shape and is 
formed of, for example, Al which has an optical reflection 

45 function. The pixel electrode 119 is electrically connected to 
the drain electrode 126 via a contact hole 129. 

The liquid crystal display device of the example is con- 
figured in the following manner. A liquid crystal of ZLI2459 
(trade name) produced by Merck: & Co., Inc. was used as the 

50 liquid crystal layer 17 in Example 1, the cell thickness was 
53 urn, and the retardation was set to 605 nm. In the same 
method as mat of Example 1, the retardation of the first 
optical phase compensation member 13 due to the oblique 
evaporation was set to 130 nm. Furthermore, a stretched film 

55 made of polycarbonate was used as the second optical phase 
compensation member 14, and the retardation of the 
stretched film was set to 130 nm. The angles according to the 
indication of FIG. 6 were set as follows: P=45°, -Y x =>-45 0 y 
and y2=-45°. 

go Furthermore, the slower optic axis LI of the first optical 
phase compensation member 13 is superposed on the slower 
optic axis L2 of die stretched film used as the second optical 
phase compensation member 14, and a region having a 
retardation of 260 nm was formed. Hie region a of FIG. 2 

65 is a portion of the retardation of 260 nm, and the region B 
is a portion of the retardation of 130 nm. The twist angle <> 
was set to 0 deg. 
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Furthermore, a thin film transistor used as a switching 
element, or a nonlinear element having a MIM (metal- 
insulator-metal) structure was connected to the reflection 
layer 7. The other configurations are the same as those of 
FIG. 1. The alignment layers 9 and U were formed by using 
AL2061 (trade name) produced by Japan Synthetic Rubber 
Inc., and underwent a rubbing process to attain a homoge- 
neous alignment 

HG. 8 is a graph showing the voltage-reflectance char- 
acteristics of the liquid crystal display device of Example 2. 
The measurements were conducted by the same method as 
that of Example 1. HG. 9 is a graph showing the wavelength 
dependence of the reflectance obtained in the cases where 
green and magenta are shown. FIG. 10 shows a CXE chro- 
maticity diagram of the device. In FIG. 10, point Wl 
indicates light of a white light source, points M and G 
indicate reflected light of magenta and that of green, respec- 
tively. It was confirmed that in the view point of color purity, 
there is no obstacle in practical use. 

As an example, the device may be set so that, when no 
voltage is applied, the region A shows magenta and the 
region B shows green. Under this configuration, by 
adequately combining the regions A and B in accordance 
with a voltage to be applied, for example, color displays 
listed in Table 2 below are made available. 
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When the polarization axes of the two polarizers 15 are 
parallel to each other, complementary colors of the colors 
obtained in Example 1 are shown. It was confirmed also in 
this case that a satisfactory color display can be attained 
5 without using a color filter based on the same principle. 

EXAMPLE 4 

A still further example of the invention will be described. 
The liquid crystal display device of the example was con- 

10 figured in the following manner: A stretched film made of 
polycarbonate was used as the first optical phase compen- 
sation member 13 of the reflective liquid crystal display 
device described in conjunction with Example 1, and pat- 
terned by a dry etching technique using a conventional 

is photoprocessing. Then, a stretched film made of polycar- 
bonate and functioning as the second optical phase compen- 
sation member 14 was disposed on the member 13. The 
other configurations were the same as those of Example 1. 
It was confirmed that also the liquid crystal display device 

20 can conduct a satisfactory color display without using a 
color filter based on the same principle. 

In the example, a stretched film made of polycarbonate 
was used. The invention is not limited to this. Alternatively, 
a stretched film made of polyvinyl alcohol (PVA) or poly- 
methyl methacrylate (PMMA) may be used and patterned. 



TABLE 2 



Region A White Magenta Magenta White Black Magenta Black 

Region B White White Black Gxecn Green Green Black 

Display White Bright Dark Bright Dark Light Black 

Magenta Magenta Green Green . Black 



In the example, a pixel is divided into two regions of 35 
magenta and green. The manner of division is not limited to 
this, and a combination of yellow and blue or cyan and red 
may be employed. It was confirmed that, when a pixel is 
divided into three regions, i.e., blue, red and green regions, 
reflected light showing more kinds of colors can be dis- 40 
played. Under these settings, arbitrary colors can be shown 
by adjusting the retardation of the liquid crystal layer and 
that of the optical phase compensation plate. 

In the liquid crystal display device of the example, the 
display hue can be modulated by a voltage using two pixels. 45 
Therefore, the redaction of resolution which is observed in 
a conventional system realized by combining RGB color 
filters is small, with the result mat the brightness is almost 
doubled. 

50 

EXAMPLE 3 

A further example of the invention will be described. FIG. 
11 is a section view showing a liquid crystal display device 
of the example. In place of the lower substrate 8 of the 55 
reflective liquid crystal display device described in conjunc- 
tion with Example 1, a transparent substrate 91 in which the 
transparent electrode 10 and the alignment layer 9 are 
formed on the glass substrate 2 is used. The polarizer 15 is 
disposed on the back of the transparent substrate 91. The 60 
liquid crystal layer 17 is sealed between the alignment layers 
9 and 11. 

In the liquid crystal display device, when the polarization 
axis of the polarizer 15 disposed at the back (the lower side 
in the figure) is made perpendicular to mat of the polarizer 65 
15 disposed at the front (the upper side in the figure), the 
same colors as those obtained in Example 1 are shown. 



A stretched film having photosensitivity may be used. In 
this case, there is a merit mat the process is simplified, ft was 
confirmed that also in this case a satisfactory color display 
can be attained without using a color filter based on the same 
principle. Furthermore, it was confirmed that a patterning 
can be conducted in the same manner also by using a wet 
etching technique in place of a dry etching technique. 

In Examples 1 to 4 described above, the liquid crystal 
layer in which liquid crystal molecules are oriented in 
parallel to the substrate or twisted by 240 deg. is used. The 
invention is not limited to these orientations of the liquid 
crystal molecules. The liquid crystal layer of which the twist 
angle is between 0 to 300 deg. may be used in the liquid 
crystal display device of the present invention. The liquid 
crystal layer in which the liquid crystal molecules on a 
substrate are oriented in a substantially perpendicular direc- 
tion may be used. When a nematic liquid crystal having 
negative anisotropy of dielectric constant is used, for 
example, the liquid crystal layer in which the liquid crystal 
molecules at both substrates are perpendicularly oriented 
can be used in the invention. Liquid crystal layers having 
any orientation may be used in the present invention as far 
as the retardation of the liquid crystal layer can be controlled 
by an electric field. 

A liquid crystal layer of retardation of 1.0 urn or less may 
be used in me invention. It was confirmed that in this case 
the viewing angle is wide and the color purity is high. 

In Examples 1 to 4 described above, a stretched film made 
of polycarbonate is used as the second optical phase com- 
pensation member 14. The invention is not limited to this, 
and a stretched film of PVA, PMMA or the like may be used. 
The second optical phase compensation member 14 may be 
formed by oblique evaporation. 
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Id Examples 1 to 4 described above, die optical phase direction has been rotated by 90° from that of the incident 

compensation members have two kinds of retardations. The linearly polarized light The reflected linearly polarized light 

invention is not limited to this. Optical phase compensation is thus blocked by the polarizing plate 202. 

members having three or more kinds of retardations may be On the contrary, in the bright state shown in FIG. 18B, the 

employed in the present invention. The device according to s apparent retardation An.d is 0. Thus, the polarization of the 

the invention may be so configured that portions of three or incident linearly polarized light does not change after being 

more different retardations exist in one pixel. Alternatively, reflected from the reflector 205, allowing the reflected light 

the device may be so configured that some portions of two to P 885 through the polarizing plate 202. Display in the ECB 

or more different retardations exist in one pixel and the other mode is realized in this way. 

portions exist in another pixel. to The reflector used in the ECB mode is required to reflect 

In Examples 1 to 3 described above, the first optical phase polarized light incident thereon in the bright state as 

compensation member 13 is disposed outside the liquid " near ^ P°^* light and circularly polarized light inci- 

crystalcelL The first optical phase compensation member 13 tn « eon dark state as circularly polarized light, 

may be disposed inside the liquid crystal celL Also in this OthowKe good contrast will not be obtained, resulting in 

case, the same effects can be attained. 15 lowetm 8 the display quality. 

In place of the glass substrate 2 used in Examples 1 to 4, * 11 ^ f e ^ scrib ^ reflective ^ 

an opaque substraisuch as a silicon substrateZy be used ^ ^ 2^,^™%° ! ^ 

Itwasconflrmed mat also in this case the same effects can reflectmgl^incidcrtthe^n wjttioutchangmg me degree 

be attained. In this case, there Is an advantage that circuit 1^*,*°° ° f ^LT^t^^ 

elements can be integrated on the substrate M ^ ved quahty, and methods for fabricating such 

^ liquid crystal display devices. 

As described above, according to the invention, light 

passing through the polarizers, the optical phase compensa- EXAMPLE 5 

tion members and the liquid crystal layer is emitted as FIGS. 19A to 19Fshow a fabrication process of a reflector 

eUiptically polarized light to show a specific color, the hue 2$ used for a reflective liquid crystal display device of Example 

of the emitted light can be controlled by adjusting (An 1 d 1 - 5 according to the present invention. As shown in FIG. 19A, 

An^d^yA, in Eqs. (2) to (4) by means of an electric field a surface of a 1.1 mm thick glass substrate 251 (product 

applied to the liquid crystal layer. Therefore, emitted light name: 7059, Corning Inc.) is coated with a resist material 

can be formed so as to have hues of two more kinds in (e.g., OFPR-800, Tokyo Ohka Kogyo Co., Ltd.) by spin 

accordance with a pixel, whereby a multicolor display can ^ coating at a rotation speed of preferably 500 to 3000 rpm, to 

be attained without using a color filter. form a resist layer 252. In this example, the resist material 

When the invention is applied to a reflective display was applied at a rotation speed of 3000 rpm for 30 seconds 

device, particularly, a light reflection member can be formed to form the resist layer 252 having a thickness of 12 unx The 

inside a liquid crystal element so that the parallax is elimi- resultant structure is prebaked at 100° C for 30 minutes, 

nated and a reflective color liquid crystal display device of 35 Then, a photomask 253 with a predetermined pattern is 

high definition and high display quality can be realized. placed on the resist layer 252 and exposed to light (FIG. 

When the color liquid crystal display mode of the invention 19B). The resist layer 252 is developed with a developer 

is used, the face on which a reflection layer is formed can be (NMD-3, 2.3%, Tokyo Ohka Kogyo Co. , Ltd.), forming fine 

disposed in the side of a liquid crystal layer, and therefore projections on the glass substrate 251 (FIG. 19Q. 

the parallax is eliminated, thereby obtaining a satisfactory ^ The projections on the glass substrate 251 are heat-treated 

display image. preferably at 120° to 250° G, to allow the comers of the 

projections to be deformed by heat, forming smooth convex 

EXAMPLES 5-12 and concave portions (FIG. 19D). In this example, the heat 

In the following examples, a reflective liquid crystal treatment was performed at 180° C. for 30 minutes. Then, 

display device using a single polarizing plate will be 45 the glass substrate 251 with projections formed thereon is 

described. An ECB (electrically controlled birefringence) coated with a rwlyimide resin by spin coating at a rotation 

mode using only one polarizing plate has been proposed as speed of preferably 920 to 3500 rpm for 20 seconds, to farm 

a reflective display mode capable of providing gray-scale 311 organic insulating layer (a polymer resin layer) 254. In 

display as well as bright display. this example, a polyimide resin was applied at a rotation 

FIGS. 18 A and 18B show the operation principle of the 50 s P ec<x of 2200 T P m for 20 seconds to form the organic 

ECB mode. Referring to FIGS. 18Aand IgB, a liquid crystal insulating layer 254 of a thickness of 1 urn, thus forming a 

display device 201 includes a polarizing plate 202, a phase surface with smooth convex and concave portions (FIG. 

compensation plate 203, a liquid crystal layer 204, and a A metal ^ tyer 255 fe Aen formed on the organic 

reflector 205. In the dark state shown in FIG. 18A, an insulating layer 254 (FIG. 19F). The metal thin layer 255 

apparent retardation An.d obtained by coirnbining the liquid 55 mav bemadeof Al,Ni, Cr, andAg, and me thickness thereof 

crystal layer 204 and the phase compensation plate 203 is preferably 0.01 to 1.0 um, more preferably 0.1 to 0.5 um. 

satisfies the 7J4 condition. Thus, linearly polarized light 111 ^ example, the metal thin layer 255 was formed by 

incident on the polarizing plate 202 in a direction shown by depositing Al by vacuum deposition, 

an arrow Al is changed to circularly polarized light with a Some other types of reflectors were also fabricated under 

rotational direction shown by an arrow A2 after passing 60 other conditions for the application of a resist material, the 

through the phase condensation plate 203 and the liquid heat treatment, and the application of a polyimide resin than 

crystal layer 204. The kght is men reflected from the those described above. 

reflector 205 and changed to circularly polarized light with The Stokes parameters of polarized light reflected from 

a rotational direction shown by an arrow A3 which is reverse the thus-obtained reflectors were measured as shown in FIG. 

to the arrow A2. After returning through the liquid crystal 65 20. 

layer 204 and the phase compensation plate 203, the light is Referring to FIG. 20, a light source 222 is placed at a 

changed to linearly polarized light of which polarization position inclined by 20° from the normal of a reflector 221. 
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Light from the light source 222 is incident on the reflector 
221 after being changed to circularly polarized light by a 
polarizing plate 223 and a V4 wave plate 224. The regular 
reflection direction is set at 0°, and a power meter 225 is 
placed at a position inclined from the regular reflection 
direction by an angle <{> (§=30° ). A polarizing plate 226 and 
a Ya wave plate 227 are placed between the power meter 225 
and (he reflector 221. The Stokes parameters are measured 
by varying the directions of the transmission axis of the 
polarizing plate 226 and the optic axis of the Ya wave plate 
227. The Stokes parameters Sq, S x , S 2 , and S 3 are the four 
quantities represented by: 



(13) 



S d =<lEj 2 >+<lEf> 



(5) 15 

(6) 

<7) 



Based on the above, the measuring method is described 
with reference to FIGS. 21 and 22A to 22D. 

FIG. 21 shows a measuring system. The Stokes param- 
eters S Q , S v S 2 » and S 3 , which are respectively denoted as I, 
Q, U, and V in FIGS. 22A to 22D, are not independently 
measured But, the Stokes parameters are obtained by mea- 
suring light intensities obtained when the optic axis of the Ya 
wave plate and the transmission axis of the polarizing plate 
are varied as shown in FIGS. 22A to 22D and solving 
simultaneous equations 14 to 17 below. 



(8) 



20 



where 2My-$> 

E x and Ey are the amplitudes of light wave vibrating in the 
X-axis and Y-axis directions, respectively. and § y are the 25 
phases of light wave vibrating in the X-axis and Y-axis 
directions, respectively. Hie Stokes parameters So, S u S^ 
and S 3 respectively refer to the total light intensity, the 
excess in intensity of horizontal linearly polarized light, the 
excess in intensity of 45° linearly polarized light, and the 30 
excess in intensity of right-handed circularly polarized light 
Typical examples of the polarization states are shown below: 



W(fH2)=f(fl) 



(14) 
(15) 
(16) 
(") 




35 



-45dcg nght^aockd left-handed * 9) 

1) §) (? 

The excess in intensities of vertical linearly polarized 40 
light, -45° linearly polarized light, and left-handed circu- 
larly polarized light which are orthogonal to the horizontal 
linearly polarized light, the 45° linearly polarized light, and 
the right-handed circularly polarized light, respectively, are 
expressed as negative values of the Stokes parameters 45 
S3, and S 4 , respectively. 

Completely polarized light satisfies the following relation 
represented by: 



(10) 50 



indicating mat only three of the four parameters are inde- 
pendent. Partially polarized light satisfies the following 
relation represented by: 



55 



(11) 



Hie degree of polarization is calculated as the ratio of the 
intensity of completely polarized light to the total intensity, 
represented by: * 60 



So 



(12) 



The time-averaged amplitudes of natural light waves in x 65 
and y directions are equal and have no correlation with each 
other, directly resulting as: 



Functions i(a) to i(d) represent the light intensities mea- 
sured when the polarizing plate and the phase compensation 
plate are positioned as shown in FIGS. 22A to 22D, respec- 
tively. Thus, the Stokes parameters J, Q, U, and V can be 
obtained by measuring the light intensities under the con- 
ditions shown in FIGS. 22A to 22D and solving simulta- 
neous equations 14 to 17 above. 

Next, a method far fabricating a reflective liquid crystal 
cell using the reflector fabricated in the above-described 
process will be described. 

FIG. 23 is a sectional view of the reflective liquid crystal 
display device of Example 5 using a reflector 275 which 
includes the glass substrate 251, the resist layer 252, the 
organic insulating layer 254, and the metal thin layer 255 as 
described above. The reflector 275 and a glass substrate 271 
with a transparent electrode 272 made of indium tin oxide 
(TTO) formed thereon are coated with a polyimide resin and 
baked at 200° C for one hour, to form liquid crystal 
alignment layers 273. The alignment layers 273 are men 
rubbed for alignment of liquid crystal molecules. The reflec- 
tor 275 and the glass substrate 271 are then attached together 
with 5 um-dia. spacers dispersed therebetween so that a 
homogeneous cell can be obtained. A liquid crystal sealing 
layer (not shown) is formed around a space between the 
glass substrates 251 and 271 by screen-printing an adhesive 
sealant containing 5.5 um-dia. spacers. After the formation 
of the liquid crystal sealing layer, a liquid crystal wiatrrtal is 
injected between the substrates 251 and 271 under vacuum 
so as to form a liquid crystal layer 274. In this example, 
ZU2459 (trade name) produced by Merck & Co., Inc. was 
used as the liquid crystal material. The optical anisotropy 
(birefringence) An of the liquid crystal is 0.11, and the cell 
thickness d is about 5 urn. Thus, the retardation An.d of the 
liquid Crystal layer 274 is 550 m 

FIG. 24 illustrates a method for measuring the ratio of the 
reflectance (contrast ratio) of the thus-obtained reflective 
liquid crystal cell when it is applied with a voltage (ON 
state) to when it is applied with no voltage (OFF state). 
Referring to FIG. 24, light from a light source 262 is incident 
on a liquid crystal cell 261 at an angle of 20° from the 
normal of the liquid crystal cell 261 via a polarizing plate 
263 and a phase compensation plate 264. Hie incident light 
passes through the liquid crystal layer of the liquid crystal 
cell 261 and is reflected from the reflector thereof. The 
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reflected light passes through the liquid crystal layer, a phase 
compensation plate 267, and a polarizing plate 266 to enter 
a power meter 265, where the maximum (ON state) and the 
minimum (OFF state) of the reflected light are measured. 
The measurement angle 6 is 30°. 5 

FIG. 25 shows the degree of polarization of each of 
various types of reflectors, together with the contrast char- 
acteristic of an ECB mode reflective liquid crystal display 
device including the reflector and a single polarizing plate. 

As described earlier, in the ECB display mode, the degree 10 
of polarization must be retained to improve the contrast As 
is observed from FIG. 25, the contrast abruptly improves 
after the degree of polarization exceeds 50%. A reflective 
liquid crystal display device with a contrast less man 3 
cannot be practically used due to low display quality. A 15 
degree of polarization of 50% or more is thus preferable to 
obtain a contrast of 4 or more, A contrast of 7 or more and 
a degree of polarization of 70% or more are more preferable. 

EXAMPLE 6 

20 

FIG. 26 is a flowchart showing a fabrication process of an 
active matrix substrate used in this example. First, aTa metal 
layer with a thickness of 300 om is formed on an insulating 
substrate made of glass by sputtering. The metal layer is 
patterned by photolithography and etching to form gate bus 25 
lines and gate electrodes. ATa^ layer may also be formed 
on the metal layer to protect the gate bus lines and gate 
electrodes (Step SI). Then, an SiN, gate insulating layer 
with a thickness of 400 nm, an a-Si layer with a thickness of 
100 nm which is to be a semiconductor layer, and an n + -type 30 
a-Si layer with a thickness of 40 nm which is to be a contact 
layer are formed in this order by plasma chemical vapor 

deposition (CYD) (Steps S2 and S3). The if -type a-Si layer 

and the a-Si layer are then patterned to form the contact layer 
and the semiconductor layer (Step S3). 35 

Thereafter, Mo is deposited on the entire top surface of the 
resultant substrate to a thickness of 200 nm by sputtering. 
The Mo metal layer is then patterned to form source 
electrodes, drain electrodes, and source bus lines (Step S4). 
Thus, TFTs are completed. Convex and concave portions are 40 
then formed on the surface of the substrate with the TFTs 
formed thereon using the method and the materials 
described in Example 5 (Steps S5 to S8). At these steps, the 
organic insulating layer is etched by photolithography to 
form contact holes through the organic insulating layer (Step 45 
S6). Aluminum layers are then formed on the entire surfaces 
having projections to obtain reflection electrodes (Step S9). 

FIG. 27 is a sectional view of a reflective color liquid 
crystal display device of Example 6 including a reflective 
active matrix substrate 280 fabricated in the above-described so 
process. The reflective active matrix substrate 280 includes 
a TFT 290 formed on a glass substrate 281 and a reflection 
electrode 288 formed on a resin layer 292 for forming 
projections. A transparent electrode 297 made of ITO is 
formed on the surfaces of complementary color filters 296 of 55 
magenta and green, for example, to a thickness of 100 nm. 
The complementary color filters 296 include light- 
transmitting portions 296a and light-blocking portions 296*. 
Liquid crystal alignment layers 294 and 298 are formed on 
the reflective active matrix substrate 280 and a complemen- 60 
tary color filter substrate 295 with the complementary color 
filters 296 and the transparent electrode 297 formed thereon, 
respectively, and baked These substrates are attached 
together, and a liquid crystal sealing layer (not shown) is 
formed around a space formed between the two substrates 65 
by screen printing an adhesive sealant containing 5 um-dia. 
spacers. After the formation of the liquid crystal sealing 
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layer, a liquid crystal material is injected between the 
substrates under vacuum so as to form a liquid crystal layer 
299. The same liquid crystal material as that used in 
Example 5 is used in this example. Another combination of 
colors such as cyan and red, or blue and yellow, as well as 
RGB, may also be used for the color filters. 

The degree of polarization-contrast characteristic of the 
thus-obtained reflective liquid crystal display device was 
measured as in Example 5. As a result, similar results to 
those shown in FIG. 25 were obtained. 

According to the reflective liquid crystal display device of 
Example 6, the reflection electrodes 288 of the active matrix 
substrate 280 are formed on the side closer to the liquid 
crystal layer. This eliminates parallax and thus provides 
good quality display. 

Though the glass substrate was used in this example, a 
non-transparent substrate such as an Si substrate may also be 
used to obtain the same effect In the latter case, to be 
advantageous, circuits can be integrated on the substrate. 

EXAMPLE 7 

FIGS. 28A to 28H show a fabrication process of a 
reflector used for a reflective liquid crystal display device of 
Example 7 according to the present invention. As shown in 
FIG. 28A, the surface of an active matrix substrate 411 
fabricated in the process described in Example 6 where TFTs 
are formed is coated with a polyimide resin by spin coating 
at a rotation speed of preferably 920 to 3500 rpm for 20 
seconds, to form an organic insulating layer (a polymer resin 
layer) 412. The organic insulating layer 412 is then coated 
with a resist material (e.g., OFPR-800, Tokyo Qhka Kogyo 
Co. Ltd.) by spin coating at a rotation speed of preferably 

500 to 3000 rpm, to form a resist layer 413 (FIG. 28B). In 
this example, the resist material was applied at a rotation 
speed of 3000 rpm for 30 seconds to form the resist layer 413 
with a thickness of 1.2 uitl The resultant structure is 
prebaked at 100° C. for 30 minutes. Then, a photomask 414 
with a predeterrnined pattern is placed on the resist layer 413 
and exposed to light (FIG. 28Q. The resist layer 413 is 
developed with a developer (NMD-3, 238%, Tokyo Ohyo 
Kagaku Co.), forming fine projections on the active matrix 
substrate 411 (FIG. 28D). The projections on the substrate 
411 are heat-treated preferably at 120° to 250° C, to permit 
the projections to be rounded, forming smooth convex and 
concave portions (FIG. 28E). In this example, the heat 
treatment was performed at 180° C for 30 minutes. 

Thereafter, the resultant substrate is dry-etched to etch the 
organic insulating layer 412 into the shape shown in FIG. 
28F, and men coated with a polyimide resin by spin coating 
at a rotation speed of preferably 920 to 3500 rpm for 20 
seconds, to farm an organic insulating layer (a polymer resin 
layer) 415 (FIG. 28G). In this example, the polyimide resin 
was applied at a rotation speed of 2200 rpm for 20 seconds 
to form the organic insulating layer 415 of a thickness of 1 
um, thus forming a surface with further smooth convex and 
concave portions. A metal thin layer 416 is then formed on 
the organic insulating layer 415 (FIG. 28H). The metal thin 
layer 416 may be made of Al, Ni, Cr, and Ag, and the 
thickness thereof is preferably 0.01 to 1.0 um. In this 
example, the metal thin layer 416 was formed by depositing 
Al by vacuum deposition. 

A reflective liquid crystal cell is then fabricated as in 
Example 6 using the thus-obtained active matrix substrate 
with the convex and concave portions formed thereon. The 
degree of polarization-contrast characteristic of the resultant 
reflective liquid crystal cell was measured. As a result, 
similar results to those shown in FIG. 25 were obtained. 



01/22/2004, EAST Version: 1.4.1 



5,691,791 

21 22 

EXAMPLE 8 described. In Example 11, an STN (super twisted nematic) 

™-. ~> L „ ,. ., .. , . . c mode using a single polarizing plate and a phase cornpen- 

FIG 29 shows a reflect™ hqurd crystal display device of ^ ^ where 6 a ^ ^tal layer is twisted by about 
Example 8 according to the present invention. The reflective 240° will be described, 
liquid crystal display device of this example is difFerent from , . . . „ 

that of Example 5 shown in FIG. 23 in that a reflector 428 5 ^ reflector fabricated in Example 5 and a glass substrate 
of this example is fonned outside a pair of transparent with an ITO transparent electrode formed thereon are coated 
substrates facing each other with a liquid crystal layer with a polyimide resin and baked at 200° C. for one hour, to 
therebetween, unlike the reflector 275 in FIG. 23. The fatm crystal alignment layers. The alignment layers 

reflective liquid crystal display device of FIG. 29 includes a m » men rubbei for alignment of liquid crystal molecule* 

polarizing plate 421, a W wave plate 422, glass substrates 10 ^ Wo substrates are attached together so that a liquid 
423 and 426, transparent electrodes 424, alignment layers crystal layer to be interposed therebetween can be twisted by 
425, a liquid crystal layer 429 and the reflector 428 attached 240 °- A avstal f 3 ^ Iaver * folmed around 

to the glass substrate 426 through a transparent resin layer a s P ace between two substrates by screen printing an 
427 adhesive sealant containing 6.5 um-dia. spacers. After the 

„' ... . _ ^ „ , „ . 15 formation of the liquid crystal sealing layer, a liquid crystal 

With th^stmcture, P^Uax J^es because the reflector is js injcctcd ^ so 

not in drrect contact with thehqwd crystal Uyer. However, as to form a liquid crystal layer having 240" twist orienta- 
when the contrast of the reflective hqurd crystal display tion fc ^ ^^2^9 (trad 7namc, produced by 
device of this example >was measured by the method shown Mcrck & c ^ w uscd as ^ ^ ^ 

m I ? G \ 24 *l de ^ e 01 P^^^ontrast characteristic „ retardation rf me ^ ^ k is 7 50 me 
similar to that in Example 5 was obtained. retardation of the phase cWensation plate is 350 nrr, The 

F.XAMTT ,r 9 same polarizing plate as that used in Example 5 was used 

The transmission axis of. the polarizing plate and the 

FIG. 30 is a sectional view of a reflective liquid crystal slower optic axis of the phase compensation plate arc set so 

display device of Example 9 according to the present 25 that an angle P formed by the tr^smission axis of the 
invention. The reflective liquid crystal display device of polarizing plate and the orientation direction of liquid crystal 
FIG. 30 includes a polarizing plate 231, a glass substrate molecules present near the polarizing plate and an angle y 
232, transparent electrodes 233, alignment layers 234, a formed by the slower optic axis of the phase compensation 
liquid crystal layer 235 and a reflector 236. plate and the orientation direction ofliquid crystal molecules 

Hie reflective liquid crystal display device of this 30 present near the phase .compensation plate can satisfy the 
example is difFerent from mat of Example 5 (the liquid relationship: 
crystal cell of FIG. 23 with the display mode using the 

measuring system shown in FIG. 24) in that the phase o.5M5 < W7^ 0 ^o^M5W27^ 0 
compensation plates 264 and 267 in FIG. 24 are not used in 

this example. Without a phase compensation plate^ the twist 35 where m is an integer. 

angle of the liquid crystal layer, the angle of the polarizing Tne contrast of the thus-fabricated display device was 
plate, and the like are set so mat circularly polarized light measured, and a degree of polarization-contrast character- 
can be obtained only through the liquid crystal layer. The istic similar to that in Example 5 was obtained. In the 
contrast of the thus-fabricated display device was measured. contrast measurement, the polarizing plate was removed. 

As a result, a degree of polarization-contrast characteristic 40 m fe . c abovc examples, the display modes using a single 
similar to that in Example 5 was obtained. At the contrast polarizing plate and a phase compensation plate where 
measurement, a polarizing plate 231 shown in FIG. 30 was ^quid crystal molecules are aligned in parallel or twisted 
removed. were described. The reflective active matrix substrate and 

the method for fabricating the reflective liquid crystal dis- 

EXAMPLE 10 45 play device according to the present invention can also be 
. . , . _ , , applied to other modes such as a birefringerit display mode 
FIG. 31 is a sectional view of a hquid crystal display ^ f a ferroelectric liquid crystal display device with the 
device of Example 10 according to the present invention. samc structnrc 

Tne reflective liquid crystal dismay devke of HG 31 fa mc abovc examples, TTTs were uscd as the switching 

apolar^grdate241 glass substrates 242 and ^245 ^ elemenis . ^ t mvention can also be applied to an 
transparent etatrodes ^al^nment ^yexs 244,a liquid ^ $abstrate ^ MIM (metal-msulator-metal) 

247 * * e elements, diodes, varista^and the like as the switching 

substrate 245 through a transparent resin layer 246. elements 

The reflective liquid crystal display device of this The reflectors were formed by patterning a photosensitive 

example has a reflector formed outside a pair of substrates 55 resin or by dry-etching in the above examples. Other meth- 
and is operated in the same display mode as that shown in ods such as sand-blasting and wet-etching can also be 
Example 9. With this structure, parallax arises as in Example effectively employed. 

8. However, when the contrast of the liquid crystal display The reflector for the reflective liquid crystal display 
device of this example was measured, a degree of device according to the present invention may be a dielectric 

polarization-contrast characteristic similar to that in & mirror or an insulating thin layer for a notch-type filter using 
Example 5 was obtained. At the contrast measurement, a cholesteric liquid crystal. In the case of using a metal thin 
polarizing plate 241 shown in FIG. 31 was removed. layer as in the above examples, the reflector can also serve 

FXAMFT ,F. 11 as an electrode opposing the transparent electrode formed on 

the transparent counter substrate with the liquid crystal layer 

In the above examples, the display mode using a single 65 therebetween, 
polarizing plate and a phase compensation plate where Thus, as described in Examples 5 to 11 above, the degree 
liquid crystal molecules are aligned in parallel was of polarization of the reflector of the reflective liquid crystal 
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display device according to the present invention signifi- The polarizing plate 322, the phase compensation plate 323, 

cantly improves. Incident linearly polarized light can be the liquid crystal layer 324, and the reflection layer 334 

maintained as linearly polarized light after being reflected respectively have functions of the polarizing plate 202, the 

from the reflector. Similarly, incident overly polarized light phase compensation plate 203, the liquid crystal layer 204, 

can be maintained as overly polarized light of the same 5 and the reflector 205 of FIGS. 18A and 1KB. The phase 

shape after being reflected from the reflector. As a result, compensation plate 323 may be omitted by using liquid 

reflective liquid crystal display device with excellent con- crystal of which retardation varies in the range of 7J4 to 0 for 

trast can be realized. the liquid crystal layer 324. The existence of the phase 

compensation plate 323, however, reduces the dispersion of 

EXAMPLE 12 io reflected light depending on the wavelength, allowing for a 

^Example 12, a reflective liquid crystal display device ^ywimhigh color purity. The phase compensation plate 

with excellent contrast characteristic as well aspaper-white 323 has anotta: ad T^ co ^ sa * n 8 me ™™& 

property will be described. angle— dependence of display caused by the orientation of 

^ypw j liquid crystal molecules of the liquid crystal layer 324, 

In general a reflective liquid crystal display device uses 15 ^ ovAn for a ^phy ^th a wide angle of visibility, 

ambient light incident to a liquid crystal panel thereof. Metal than Al can also be used for the 

Accordingly, a reflector of the display device preferably has reflection layer 334. When a non-conductive reflection layer 

ahighreflectanceover a wide range of the reflection surface. ^ formed ^ a transparent electrode may be additionally 

Using a metal layer having a mirror surface, however, the formed OD ^ t6p surface of the reflection layer. Hie liquid 

reflectance is high only in. the regular reflection direction. m crystal layer is not limited to the STO type, but variou s types 

This causes such problems that the operators face is 0 f Hquid crystal of wMch retardation varies upon application 

reflected on the display screen and that the screen is very c f an electric field can be used. 

dark when viewed from directions other than the regular lowcr substrate 325 has basically the same structure 

reflection dn-ection. a s the reflector shown in FIG. 3, and can be fabricated in the 

A standard white board made of MgO powders is known 25 process described with reference to FIGS. 5A to 5E. The 

to be a reflector excellent in the paper-white property. Such diameters Dl and D2 of the bottoms of the large projections 

a standard white board is, however, so diffusive that it causes 332c and the small projections 3326, respectively, and the 

multiple reflection when combined with a liquid crystal distance between the projections 332 are made different 

layer. Light is confined within the liquid crystal layer, from one another. The diameters Dl and D2 are preferably 

resulting in dark display screen and low contrast 30 in the range of about 3 urn to about 20 urn. If the diameters 

The EGB mode liquid crystal display devices of the above are smaller than about 3 um, photolithographic processing is 

Examples 5-11 can achieve high contrast as described difficult. If they are larger than about 20 um, the height of the 

above. However, they may be inferior in the paper-white projections becomes so high bat it affects the cell thickness 

property, since the display characteristics of the ECB mode (thickness of the liquid crystal layer). The distance D3 is set 

liquid crystal display devices are not optimized. 35 so that the occupation percentage of the area of flat portions 

(Basic structure of ECB mode reflective liquid crystal dis- on the top surface of the transparent substrate 331 where no 

play device) projections 332 are formed in the total area of the surface of 

FIG. 32 is a sectional view of an ECB mode reflective the transparent substrate 331 (hereinafter, such a percentage 

liquid crystal display device 320 of Example 12. In this is simply referred to as the occupation of flat portions), 

example, an STN type Hquid crystal display device driven 40 which is to be described later, is within an appropriate range, 

by a simple matrix method will be described. The reflective For example, an occupation of fiat portions of about 70% 

liquid crystal display device 320 includes a polarizing plate can be obtained by setting the distance D3 at about one-third 

322, a phase compensation plate 323, and a liquid crystal the diameter Dl or D2. The diameters of the projections 

cell 320a formed in this order from the light incident side. become larger by about 10 to 20% in the heat treatment 

The liquid crystal cell 320a includes an upper substrate 326, 45 process. Thus, the lower limit of D3 should be smaller than 

a lower substrate (reflection substrate) 325, and a liquid a lower limit determined by photolithography. It is therefore 

crystal layer 324 interposed therebetween. The upper sub- about 1.5 um. 

strate 326 includes a transparent substrate 327 and a trans- The projections with two different heights can be formed 
parent electrode 328 and an alignment layer 329 formed in by use of the photomask 22 having light shielding portions 
this order on the surface of the transparent substrate 327 50 of two different sizes in a single photolithographic step as 
facing the liquid crystal layer 324. The lower substrate 325 shown in FIG. 5B. Alternatively, they may be formed by use 
includes a transparent substrate 331 and a plurality of of two photomasks each having light shielding portions of 
projections 332, a polymer resin layer 333 covering the one size different from mat of the other photomask in two 
projections 332, a reflection layer 334, and an alignment photolithographic steps. In this example, the reflection sub- 
layer 335 formed in mis order on the surface cf the trans- 55 strate (lower substrate) was fabricated by setting Dl at about 
parent substrate 331 facing the liquid crystal layer 324. Hie 10 um, D2 at about 8 um, and D3 at about 2 um. 
projections 332 include large projections 332a and small FIG. 34A shows a microscopic picture of the surface of a 
projections 3322? which are different in height from each reflection substrate 360 fabricated in the process shown in 
other. FIGS. 5A to 5R FIG. 35A shows a microscopic picture of 
In this example, the reflection layer 334 is made of Al 60 the surface of a reflection substrate 370 fabricated using two 
which also serves as an electrode. The reflection layer 334 photomasks having about 10 um-dia. circular light shielding 
and the transparent electrode 328 are both in a striped shape. portions and about 5 um-dia. circular light shielding portions 
The stripes of the reflection layer 334 and the transparent in two ph otolithographic steps. 

electrode 328 are arranged to cross each other with the liquid Then, using the thus-fabricated lower substrate 325 and 

crystal layer 324 therebetween, forming pixels in a matrix. 65 the upper substrate 326 fabricated in a known process, the 

A liquid crystal material for STN (eg., ZLI4427 produced reflective liquid crystal display device of this example is 

by Merck & Co., Inc.) is used for the liquid crystal layer 324. fabricated as described in Example 5 . 
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Since the reflective liquid crystal display device of this FIGS. 34A and 35A are pictures of the reflection surfaces 

example has the reflection layer 334, the surface configu- of the reflection substrates 360 and 370 described above, 

ration of which is controlled as described later in detail, respectively, taken with an optical microscope. FIGS. 34B 

excellent paper-white property and contrast can be exhib- and 35B are histograms showing the results of the evaluation 

ited. 5 of the surface profiles of the respective reflection substrates 

Now, the reflection substrate (lower substrate) of this 360 and 370. The occupation of flat portions (gray portions 

example will be described in detail, in FIG. 34A) for the reflection substrate 360 was about 40%, 

(Area of flat portions of reflection substrate) while the occupation of flat portions (white portions in FIG. 

Various types of reflection substrates with different sur- 35A) for the reflection substrate 370 was about 12%. Each 

face configurations were fabricated in the above-described l0 of these microscopic pictures corresponds to a portion of a 

process. Reflective liquid crystal display devices were fab- pixel having a size of 166 umx256 urn. 

ricated using the thus-obtained reflection substrates and The reflective liquid crystal display device 320 was 

evaluated for the contrast and the paper-white property. fabricated using each of various reflection substrates 

The aforementioned occupation of flat portions on the obtained as described above, and the paper-white property 

surface of the reflection substrate was used as an indicator of and the contrast were evaluated, of which results are shown 

the surface configuration of the reflection substrate. As 15 in Table 3 below and FIG. 36, respectively. The paper-white 

described earlier, a reflector having a mirror surface is high property was evaluated by visual observation in a room 

in contrast in the regular reflection direction but inferior in where a plurality of fluorescent lamps were lit on. The 

the paper-white property. On the contrary, a standard white contrast was measured with a power meter when light was 

board is superior in the paper-white property but dark and incident vertically, 

low in contrast The inventors presumed that the above 20 

difference in the reflection characteristics between the mirror TABLE 3 
reflector and the standard white board might be caused by 
the difference in the surface configuration therebetween, and 
that the difference in the surface configuration could be 

represented by the occupation of flat portions on the surface 25 

of the reflection substrate in the total surface area. Trie 0 white (paper-white) 

occupation of flat portions is 100% for the mirror reflector ° a PP cara whitc (paper-white) 

and^orthe^dard wMte board. ^K^^^o^c,^ 

Referring to FIGS. 33A and 33B, the method for mea- 

surirtg the occupation of flat portions on the reflection 30 As is apparent from Table 3, the paper-white property 

substrate will be described. FIG. 33A schematically shows lowers as the occupation of flat portions increases. When the 

the surface configuration of a reflection substrate 350. FIG. occupation of fiat portions is 80% or more, the operator's 

33B shows a tilt angle 6 obtained from a surface profile. Hie face is reflected on the display screen, and the screen appears 

following observation and measurement are conducted in dark as a whole. The occupation of flat portions should 

the state where the reflection layer made of Al is exposed on 35 therefore be less than 80%, preferably less than 60%. 

the top surface of the reflection substrate. On the contrary, as is apparent from FEG. 36, the contrast 

The surface of the reflection substrate 350 is observed tends to increase as the occupation of flat portions increases, 
with an interference microscope. The surface is scanned so In general, a reflective liquid crystal display device can 
that the center of the viewing field of the microscope runs effect a display when the contrast is 2 or more. It can be 
along scanning lines 351 shown in FIG. 33A passing through 40 practically used when the contrast is 3 or more. As is seen 
the apexes of projections on the surface. In this way, a from FIG. 36, contrast 4 is obtained when the reflection 
surface profile 352 shown in FIG. 33B is obtained. The substrate with an occupation of flat portions of 20% which 
x-axis and y-axis of FIG. 33B represent the position in the is proved to be excellent in the paper-white property is used, 
plane of the substrate and the height of the surface having As a result, it is concluded that a reflective liquid crystal 
projections, respectively. A tangent line 353 is then drawn 45 display device using a reflection substrate with an occupa- 
for die curved surface profile 352, and an angle formed by tion of flat portions in the range of 20 to 60% is not only 
the tangent line 353 and the plane of the substrate (plane excellent in the paper-white property but also provides high 
defined by the two-dimensional expanse of the reflection quality display with a contrast of 4 or more, 
substrate) is defined as the tilt angle 0. The tangent Hne is (Relationship between height of projections and retardation) 
drawn for the surface profile every predetermined distance 50 An EGB mode color display device using interference 
Xo in the plane of the substrate, measuring the tilt angle 9 for colors has a problem that the reflectance and the color 
each tangent fine. Points where the tilt angle 0 is less than reproducibility (color purity) decrease due to a variation of 
2° are defined as the flat portions. Typically, the tilt angle 0 the retardation of a liquid crystal layer. To overcome mis 
is measured every about 0.1 um (X^=about 0.1 urn), ie., at trouble, the inventors have examined conditions for attain- 
about 100 points for one projection. This measurement of 55 ing a display with high contrast and color purity by using a 
the tilt angle 6 may be conducted for the surface profiles reflection substrate with projections as follows, 
covering one entire pixel or only a portion thereof having a FIGS. 37A, 37B, and 37C schematically show reflective 
typical profile by approp r i ately selecting. Since the above- liquid crystal display devices, where only a surface profile 
described fabrication process of the reflection substrate 392 of a reflection substrate and a liquid crystal layer 394 are 
allows for the formation of projections with good 60 shown. The surface profile 392 can be measured with an 
reproducibility, it is not necessary to measure an entire pixel, interference microscope as described above. Since the sur- 
bnt only a sampled portion of a pixel having a typical surface face profile 392 of each reflection substrate has projections, 
profile may be measured. From the results obtained by the the thickness of the liquid crystal layer 394 is not uniform, 
above measurement of the tilt angle 9, the occupation of flat having a minfmnm value (corresponding to the apexes of 
portions is calculated by dividing the number of measure- 65 the projections of the reflection substrate) and a maximum 
ment points where the tilt angle 6 is less than 2° by the total value d B (corresponding to the flat portions of the reflection 
number of measrjrexnent points. substrate). When the surface profile 392 has two kinds of 
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projections with different heights , forming two minimum 
thicknesses d^ and d^ as shown in FIG. 37 A, the minimum 
of these values is deteimined as the minimum value dp Hie 
effective retardation of the Kquid crystal layer 394 with such 
a non-uniform thickness and the reflectance of a reflective 
liquid crystal display device using such a reflection substrate 
are measured in the following manner. 

An auxiliary line 395 is drawn along the middle of the 
projections (where the thickness of the liquid crystal layer 
394 is (dfHX B y2 where d r and d B are the minim um value and 
the maximum value of the thickness of the liquid crystal 
layer 394, respectively). The area of the portions of me 
projections located above the auxiliary line 395 is denoted 
by SI, while the area of the liquid crystal layer 394 located 
below the auxiliary line 395 is denoted by S2. The reflec- 
tance R of the reflective liquid crystal display device is then 
represented by equation (18) below: 

+{^(5 I +S^}»A 2 {(coor(A«rf J( a>) l -<Hnn(A«f J / X)) 2 } 2 (18) 

where A denotes an amplitude of light, X is a wavelength of 
light, and An is the birefringence of liquid crystal molecules. 

The effective retardation Andg- of the liquid crystal layer 
is represented by equation below: 

Amf jF {5A5i^>A«dW^(S 1 ^)}W jr (19) 

Hie retardation variation An(cV-d^) caused by the height 
difference between the top and bottom the projections is 
represented by equation (20) below (corresponding to the 
difference between the two terms of the right side of 
equation (19)): 

An(^,M5,/(5 1 -KS 2 )}A7uV-{S 3 /(S 1 +S 2 )}A«J J , (20) 

where the value of (oV-d^) is an absolute value regardless 
whether it is positive or negative, unless otherwise specified. 

The above methods for measuring the reflectance and the 
retardation can be applied not only to the reflection substrate 
shown in FIG. 37A, but also to the reflection substrates 
shown in FIG. 37B and 37C where the projections are 
formed more densely and thinly, respectively. The shape of 
the surface profile of the reflection substrate is not limited to 
those shown in FIGS. 37A to 37C, but the reflection and 
retardation can also be measured for reflection substrates 
having other shapes of surface profiles such as a rectangular 
shape as shown in FIG. 4C 

Various reflection substrates with different heights of 
projections were fabricated in the process shown in FIGS. 
4A to 4F, and an BCB mode reflective liquid crystal display 
device with the structure shown in FIG. 32 was fabricated 
using each of the reflection substrates. The relationships 
between the effective retardation Andg. calculated from 
equation ( 19) and the reflectance for the resultant ECB mode 
reflective Hquid crystal display devices are shown in FIGS. 
38 to 41. The x-axis and the y-axis of the graphs of FIGS. 
38 to 41 represent the wavelength of reflected light from the 
reflective liquid crystal display device and the reflectance of 
the reflective liquid crystal display device, respectively. 
FIGS. 38 to 41 show the results obtained when the effective 
retardation And £ of the liquid crystal layer represented by 
equation (19) are 330 nm, 360 nm, 470 nm, and 530 nm, 
respectively. Each graph includes the results when the 
variations in the retardation An(d r -d B ) caused by the height 
difference between the top and bottom of the projections are 
0 nm (corresponding to the case of a mirror reflector), 30 
nm, 40 nm, and 50 nm As is apparent from these graphs, the 
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occurrence of wave- length -<lcpendence of the reflectance 
(interference colors) due to the retardation variation of the 
liquid crystal layer can be utilized to achieve an ECB mode 
color display device, 
s As is apparent from these graphs, in the all cases where 
the effective retardation And^ of the liquid crystal layer are 
330 nm, 360 nm, 470 nm, and 530 nm, when the retardation 
variation An(oV«y caused by the height difference between 
the top and bottom of the projections increases, the maxi- 
10 mum transmittance (crest) lowers while the minimum trans- 
mittance (bottom) rises. This indicates that as the height 
difference increases, the contrast reduces* Further, as the 
height difference increases, the sharpness of the wavelength- 
dependence of the reflectance lowers, decreasing the color 
15 purity of reflected light 

The relationships between the retardation variation 
An(dV-<is) caused by the height difference and the 
wavelength-dependence of reflected light for the cases 
shown in FIGS. 38 to 41 are combined in FIG. 42. In this 
20 case, retardation variations An^-r-d^) of 10 nm and 20 nm 
are additionally shown. FIG. 42 is a chromaticity diagram 
showing the wavelength-dependence of reflected light 
depending on the retardation variation An(dj«~d F ) caused by 
the height difference between the top and bottom of the 
25 projections in the cases where the effective retardation of the 
liquid crystal layer are 330 nm, 360 nm, 470 nm, and 530 
nm. It is observed from FIG. 42 that in the all wavelength 
bands (330 nm, 360 nm, 470 nm, and 530 nm) as the height 
difference increases, the chromaticity of reflected light is 
30 closer to a white-point (where no wavelength dependence 
occurs) located at the center of the chromaticity diagram. 
This indicates that as the height difference increases, the 
color purity decreases, lowering the color reproducibility in 

color display using interference colors. 
35 FIG. 43 shows the relationship between the retardation 
variation An(dV-d fl ) caused by the height difference between 
the top and bottom of the projections and the contrast As is 
apparent from FIG. 43, the contrast lowers as the height 
difference increases. It is observed from FIG. 43 that the 
40 retardation variation ArKdj— d^) caused by the height differ- 
ence is required to be 40 nm or less to obtain contrast 3 
which is the minimum for practical use, and that contrast 4 
or mare can be obtained when the retardation variation 
An(aV-d^) is 35 nm or less. As for the color purity, when the 
45 retardation variation Ai^oV-dfl) is 40 nm or less, a color 
purity durable for practical use can be obtained. When it is 
35 nm or less, display with higher color purity can be 
obtained. 

(Relationship between height of projections and threshold 
50 cliaractcristic) 

In the ECB mode liquid crystal display device of mis 
example, as the twist angle of the liquid crystal layer 
increases, the threshold of the voltage-reflectance character- 
istic becomes sharp. In a liquid crystal display device with 
55 a sharp threshold characteristic, the variation in the thickness 
of the liquid crystal layer causes a variation in the threshold 
voltage, lowering the display quality 

In order to avoid this problem, the inventors have exam- 
ined conditions for applying the present invention to an STN 
60 type liquid crystal display device including a largely-twisted 
liquid crystal layer. STN type 240° -twisted liquid crystal 
display devices using reflection substrates with a height 
difference \d r ~d B \ of 0 urn, 0.5 urn, and 1 um were fabri- 
cated. FIG. 44 shows the evaluation results of the relation- 
65 ship between the ratio of a cell gap d (thickness of the liquid 
crystal layer) to a natural pitch P 0 of the liquid crystal 
material (d/P 0 ) and the sharpness a of the threshold char- 
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acteristic. The shaipness a is defined as the ratio of a voltage 
value Vgo for obtaining a relative reflectance of 90% to a 
voltage value V 10 for obtaining a relative reflectance of 10% 

(V*/Vto). 

In the case where the reflective liquid crystal display 5 
device is applied to a portable information terminal, the 
device is required to be driven by the simple matrix method 
at a duty ratio of 1/240. Therefore, the sharpness a of the 
threshold characteristic is preferably lower than the bound- 
ary region shown by leftward slanting lines (the range of 10 
about 1.06 to about 1.07). At the same time, in order to 
obtain stable orientation of liquid crystal molecules, the ratio 
d/P Q is preferably lower than the boundary region shown by 
rightward slanting lines (the range of about 0.48 to about 
0.5 1). This is because when the ratio d/P 0 exceeds about 0.6, 15 
the 240° -twisted orientation of liquid crystal molecules 
becomes unstable, allowing stripe domains to be easily 
generated and mereby lowering the display quality. When 
the ratio d/P 0 is smaller than about 0.42, 60°-twisted orien- 
tation tends to be easily formed. Far these reasons, in 20 Ns^+S^+S* 2 
consideration of stable orientation of liquid crystal v ~ 35 

molecules, the ratio d/P 0 is preferably in the range of about 

0.48 to about 0.51 though the cell thickness may be slightly ^ Sj> Sjj ^ Sy ^ Stokes parameters referring 

varied. respectively to a total light intensity, an excess in intensity 

As is apparent from FIG. 44, when the height difference 25 of horizontal linearly polarized light, an excess in intensity 
Idj-dJ increases, the sharpness lowers (moves upward in of 45° linearly polarized light, and an excess in intensity of 
FIG. 44). Accordingly, in order to achieve both improved right-handed circularly polarized light, is at least 50% or 
sharpness of the threshold characteristic and stable orienta- more. 

tion of liquid crystal molecules, the height difference 6. A reflective liquid crystal display device according to 
between the top and bottom of the projections is preferably 30 claim L> further including electrodes attached to the first and 



further wherein a surface of the reflection layer reflecting 
light has projections, and flat portions, the flat portions 
being areas where a tilt angle of a tangent line drawn 
against a profile of the surface with the projections is 
less than 2°, in the flat portions occupying in a 20% to 
60% of the total surface area of the surface. 

2. A reflective liquid crystal display device according to 
claim 1, wherein the liquid crystal layer is driven in an ECB 
mode. 

3. A reflective liquid crystal display device according to 
claim 1, wherein a retardation variation of the liquid crystal 
layer due to the projections is 40 nm or less. 

4. A reflective liquid crystal display device according to 
claim 1, wherein the difference in the thickness of the liquid 
crystal layer due to the projections is 1 urn or less. 

5. A reflective liquid crystal display device according to 
claim 1, wherein the light reflection layer is selected so that 
a degree of polarization V of light reflected from the light 
reflection layer, represented by: 
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about 1 um or less, more preferably about 0.5 urn or less. 
Incidentally, the problems of generation of stripe domains 
and 60°-twisted orientation of liquid crystal molecules were 
not observed for any of the STN type liquid crystal display 
devices with the height differences of 1.0 um, 0.5 um, and 
0.0 um shown in FIG- 44. 

The deterioration of display quality due to the threshold 
characteristic becomes significant in STN type liquid crystal 
display devices with a large twist angle. It is not especially 
significant in parallel alignment mode liquid crystal display 40 
devices. 

Thus, according to Example 12 of the present invention, 
a reflective liquid crystal display device with an excellent 
paper-white property and a high contrast can be provided. A 
reflective liquid crystal display device with a high color 45 
purity and a sharp threshold characteristic can also be 
provided. These reflective liquid crystal display devices can 
be applied to various electronic apparatuses including por- 
table information terminals. 

The reflective liquid crystal display devices using single 
polarizing plate according to Examples 5-12 of the present 
invention can be combined with the color display device 
according to Examples 1-4 of the present invention to obtain 
a reflective color liquid crystal device. 

Various other modifications will be apparent to andean be 
readily made by those skilled in the art without departing 
from the scope and spirit of this invention. Accordingly, it is 
not intended that the scope of the claims appended hereto be 
limited to the description as set forth herein, bat rather that 
the claims be broadly construed. 

What is claimed is: 

1. A reflective liquid crystal display device including a 
first substrate and a second substrate, a liquid crystal layer 
interposed between the first and second substrates, a polar- 
izing plate, and a reflection layer; 

wherein the polarizing plate and the reflection layer are 
located on opposite sides of the liquid crystal layer, and 



second substrates for applying an electric field to the liquid 
crystal layer to control a retardation of the liquid crystal 
layer, wherein 

the first substrate positioned between the polarizer and the 
liquid crystal layer comprises an optical phase com- 
pensation means which includes a first region having a 
first retardation and a second region having a second 
retardation different from the first retardation, whereby 
a color of emitted light from each of the first and the 
second regions is selected to be a specific cae, in 
accordance with the retardations of the optical phase 
compensation means and the retardation of the liquid 
crystal layer. 

7. A reflective liquid crystal display device according to 
claim 6, wherein each of a plurality of pixels, which is a 
smallest area of the device for conducting a color display, 
includes a portion of one of the first and the second regions. 

8. A reflective liquid crystal display device according to 
claim 6, wherein each of a plurality of pixels, which is a 
smallest area of the device for conducting a color display, 
includes each portion of the first and the second regions. 

9. A reflective liquid crystal display device according to 
claim 8, wherein the optical phase compensation means 
further comprises a third region having a third retardation, 
and each of the plurality of pixels includes a portion of at 
least one of the first, the second and the third regions. 

10. A reflective liquid crystal display device according to 
claim 6, wherein the optical phase compensation means 
includes at least two optical phase compensation members, 
at least one of the optical phase compensation members 
overlapping another of the optical compensation members 
so as to form the first and the second regions. 

XL A reflective liquid crystal display device according to 
claim 6, wherein the retardation of the liquid crystal layer is 
equal to or less than 1.0 um. 

12. A reflective liquid crystal display device according to 
65 claim 6, wherein the reflecting means functions as one of the 
electrodes for applying an electric field to the liquid crystal 
layer. 
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13. A reflector for reflecting light, wherein a surface of the 
reflector reflecting light has projections and flat portions, the 
flat portions being areas of the surface where a tilt angle of 
a tangent line drawn against a profile of the surface with the 
projections is less than 2°, the flat portions occupying 20% 
to 60% of the total surface area of the surface. 

14. A reflector according to claim 13, wherein the differ- 
ence in the height of the projections is 1 urn or less. 

15. A reflector according to claim 13, wherein the light 
reflection layer is selected so that a degree of polarization V 
of light reflected from the light reflection layer, represented 
by: 
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where S 0 , S t , S^, and S 3 are Stokes parameters referring 
respectively to a total light intensity, an excess in intensity 
of horizontal linearly polarized light, an excess in intensity 
of 45° linearly polarized light, and an excess in intensity of 
10 right-handed circularly polarized light, is at least 50% or 
more. 

***** 
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